Introduction {#Sec1}
============

The Approach phase for the OSIRIS-REx mission occurred between 17 August 2018 and 2 December 2018^[@CR1]^. Observations of near-Earth asteroid (NEA) Bennu began as the asteroid was just bright enough for detection by the OSIRIS-REx Camera Suite (OCAMS)^[@CR2]^. The three goals for the Approach phase of the mission were to optically acquire the asteroid, survey the vicinity of the asteroid for any hazards (natural satellites or dust trails) that may be present, and characterize the asteroid point-source properties for comparison with ground- and space-based telescopic data^[@CR1],[@CR3]^ Here we show that we detect no hazards within the sub-meter sensitivity limits of our Approach phase observations. Further work will follow since images from our navigation camera later revealed the existence of apparent particles in close vicinity of Bennu^[@CR4]^. We find strong agreement between the pre-encounter and OSIRIS-REx disk-integrated photometric properties. We detect a continuous acceleration in Bennu's rotation and conclude that it results from the YORP effect^[@CR5]^.

Results {#Sec2}
=======

Search for dust {#Sec3}
---------------

The first dedicated science observation of Bennu by OSIRIS-REx was a search for dust on 11 and 12 September 2018 when Bennu was at a heliocentric distance of 1.21 au. We used the OCAMS PolyCam and MapCam instruments^[@CR2]^ to survey all space within a 35,000 km radius of Bennu. If present, unbound dust released due to outgassing processes would appear as diffuse cometary features (trails or tails) along the directions between the anti-solar and anti-heliocentric velocity vectors^[@CR6]^. The shape of such features is governed by the balance between radiation pressure and gravity and is particle size-dependent. Only particles ejected in the anti-solar direction two to eight weeks prior to the observations would have been detected in our MapCam images. We observed no detectable dust during this search.

We determined upper limits of 300 kg for the dust mass within 405 km of Bennu and 150 g s^--1^ averaged over 34 min for the average dust production rate by considering the properties and ephemeris of Bennu, assuming a dust flux such as that from a near-surface coma, and assuming the dust ejection velocity measured for comet 67 P at perihelion (see methods). Observations in the thermal infrared taken with the Spitzer space telescope (hereafter, Spitzer) yielded upper limits on dust mass from Bennu of 1000 kg and on dust production rate of 1 g s^--1^ (ref. ^[@CR7]^). The OSIRIS-REx Approach phase dust searches were comparable in sensitivity to Spitzer observations with regards to dust mass but much less sensitive to lower dust production rates.

Our upper limit on Bennu's average dust production rate is on the extreme lower end of those of main belt comets, which are in the range of 100 to 4000 g s^--1^ (ref. ^[@CR8]^). Asteroid (3200) Phaethon, the parent of the Geminid meteor shower, reaches a peak dust production of approximately 300 g s^--1^, (ref. ^[@CR9]^) during its perihelion passage, possibly driven by thermal desiccation of surface rocks. As Bennu's surface has many rocks with apparent fracturing that may have been thermally induced^[@CR10],[@CR11]^ similar dust production due to thermal desiccation may occur on Bennu.

We will conduct two dedicated searches for dust mass loss at a high phase angle of approximately 130 degrees during the Detailed Survey phase of the mission in spring 2019^[@CR1]^. The higher phase angle of these searches enhances dust observability if the dust particles are forward-scattering, as would be expected for sub-micron-sized particles^[@CR12]^.

Search for natural satellites {#Sec4}
-----------------------------

The fraction of NEAs larger than 300 m with satellites is 15 ± 4%^[@CR13]^. The smallest asteroid satellite yet observed is approximately 44 m in diameter, around the primary body NEA 2000 CO~101~^[@CR14]^. Pre-encounter modeling suggests that any Bennu satellites with diameters larger than 1 m could be stable on orbits within 20 km, and diameters of 10 cm could be stable on orbits within 12 km^[@CR15],[@CR16]^ Ground-based radar observations were sensitive to satellites of Bennu down to a size of 2 to 20 m diameter, depending on the rotation rate of the satellites^[@CR17]^.

For OSIRIS-REx, we calculated the detectable satellite size using the lower-limit bound of Bennu's albedo (0.03) and the upper-limit on steepness of the phase function slope (0.043 mag per degree) determined from the ground^[@CR18]^. We tested different exposure durations to decrease the glare of Bennu and allow detections down to a projected height of 20 m above the sunlit limb. From the multiple search dates, the cadence of images taken per date, and multiple search methods---including visual inspection and use of the asteroid-hunting Catalina Sky Survey automated moving object detection software^[@CR19]^---we estimated that our detection efficiency would be approximately 99% for satellites 10 cm and larger. Orbiting satellites would spend some fraction of their orbits in front of or behind the asteroid. The multiple dates and 5-h observing windows per date ensured that orbiting objects were detectable.

We conducted our search for natural satellites using PolyCam (Fig. [1](#Fig1){ref-type="fig"}). Initially, when the spacecraft was at a range of 3100 km, the search was over an area of 60 km radius when our observations were sensitive to 0.5 m or larger satellites. Later, as the spacecraft got closer, satellites as small as 8 cm would have been bright enough to be imaged within 18 km of Bennu. As the spacecraft approached Bennu, the PolyCam field of view narrowed down to smaller areas of the sky, allowing us to search for smaller satellites (Fig. [2](#Fig2){ref-type="fig"}). In all, we used PolyCam and MapCam on ten dates to search for satellites, and our observations were sensitive to objects as small as 24 cm in diameter within the entire Hill Sphere (31 km)^[@CR20]^ (Supplementary Table [1](#MOESM1){ref-type="media"}).Fig. 1Satellite-search imaging of the near-asteroid region. The image is a median combination of 15 PolyCam exposures from 10 November 2018 tracking the motion of the asteroid. This method enhances the relative detectability of satellites while suppressing the signal of stars and other background astronomical objects. The yellow circles denote distances from the Bennu center of figure. The horizontal features are due to charge smear. No satellites are apparentFig. 2Schematic illustrating visibility of detectable natural satellites. The minimum detectable diameter is given within the upper left corner of each search region. Bennu is marked at the center of the figure. Also marked is the Hill Sphere, or the region in which objects remain in orbit due to Bennu's gravity. We completed an extensive search for natural satellites that sampled the entire Hill Sphere with a sensitivity to 24 cm satellite diameter. We detected none at this sensitivity level. Source data are provided in Supplementary Table [1](#MOESM1){ref-type="media"}

The Hayabusa mission could detect satellites down to 1 m around NEA (25143) Itokawa^[@CR21]^, the Rosetta mission could detect satellites between 1 and 6 m around comet 67 P^[@CR22]^, and the Dawn mission could detect satellites as small as 3 m around (4) Vesta and 12 m around (1) Ceres^[@CR23],[@CR24]^. In contrast, the high sensitivity of our OCAMS instruments allowed us to search for satellites at the sub-meter scale. No satellites were detected down to our sensitivity limits.

Although we detected no dust or satellites during our dedicated search with the OCAMS instruments during the Approach phase, images collected in January 2019 by one of the navigation cameras (NavCam1)^[@CR25]^ have since revealed apparent particles in the vicinity of Bennu^[@CR4]^. These probable particles are likely to be smaller than the sensitivity limit of the Approach-phase satellite search. Their nature and production mechanism are still under investigation, although they appear to originate from Bennu. We plan to continue monitoring the near-Bennu environment throughout the rest of the mission.

Disk-integrated phase function {#Sec5}
------------------------------

From the ground, the disk-integrated phase function of Bennu was determined using measurements obtained between 2005 and 2012^[@CR18]^. For direct comparison to the ground-based data, we first limited the OCAMS data to the same phase angle range as the ground-based data. This analysis yields a linear fit with *H*~v~ = 20.51 ± 0.04 and *B*~v~ = 0.039 ± 0.001, in good agreement with the ground-based data. The phase slope of Bennu is similar to that of other low-albedo main belt asteroids such as the C, F, and P types (0.04 to 0.05 mag per degree of phase angle)^[@CR26]^.

We then modeled the full disk-integrated phase dependence of Bennu with several methods, including the Lommel-Seeliger model^[@CR27]^, the IAU *H-G* model^[@CR28]^, and the more recently adopted *H*,*G*~1~,*G*~2~ and *H*,*G*~12~ models^[@CR29],[@CR30]^ (see Methods) (Fig. [3](#Fig3){ref-type="fig"}). For each model, the parameter *H* is the absolute magnitude. Each particular value of *G* helps define the curve shapes of each model. The IAU *H-G* model fails to correctly reproduce the data at very small phase angles, as it predicts a larger opposition effect than is present. Difficulty modeling the opposition effect of low-albedo objects is a recognized deficiency of this model^[@CR31]^. The *H*,*G*~1~,*G*~2~ model results in an artificial drop in the magnitude at phase angles \< 1**°**. We fitted the v-band phase function data of Bennu with both the original and the revised *H*,*G*~12~ models^[@CR29],[@CR30]^ (Supplementary Table [2](#MOESM1){ref-type="media"}). The revised *H*,*G*~12~ model fits the data in the full range of phase angles that they cover (Fig. [3](#Fig3){ref-type="fig"}). In general, the *G*-parameters (*G*, *G*~1~, *G*~2~, and *G*~12~) of all three models suggest a shallower phase slope with increasing wavelength, consistent with phase reddening in the visible wavelengths^[@CR10]^.Fig. 3Phase function observations and models for Bennu. Over-plotted are the model fits to the new data: a Lommel-Seeliger model and a revised *H*,*G*~12~ model. The ground-based measurements are published in^[@CR18]^. We originally converted the ground-based measurements to the v-band magnitude scale, plotted with 1-sigma photometric error bars. The 1-sigma photometric error bars for OCAMS data are less than or equal to the size of the data points. Inset, upper right: The OSIRIS-REx measurements at low phase angles (0 to 12 degrees). We plot this subset of the data to illustrate the small opposition effect present for asteroid Bennu. The small opposition effect is consistent with what we would expect for low-albedo, carbonaceous bodies. The red line is the linear fit to observations made at less than 7.5 degrees phase angle. The blue line is the linear fit to all OSIRIS-REx data points at greater than 7.5 degrees phase angle. Source data are provided in Supplementary Tables [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}

The disk-integrated Lommel-Seeliger model yields a geometric albedo of 0.044 ± 0.002 and Bond albedo of 0.0170. The *H*,*G*~12~ model found an *H*~v~ of 20.41 ± 0.02. This compares well with the best pre-encounter *H*~v~ value of $\documentclass[12pt]{minimal}
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                \begin{document}$$20.56\frac{{ + 0.05}}{{ - 0.15}}$$\end{document}$^[@CR18]^. The ground-based photometry did not include observations at phase angles less than 15 degrees phase angle but did extend up to 100 degrees phase angle. The good agreement between the ground-based and OSIRIS-REx photometric results highlights the importance of supporting ground-based asteroid observations at multiple observing geometries.

Comparing the magnitude derived from the linear fit (i.e. excluding the opposition effect) with the absolute magnitude from the revised *H*,*G*~12~ model, we found a magnitude increase (Δ*m*) of 0.20 mag that could be related to the opposition effect (Fig. [3](#Fig3){ref-type="fig"}, inset). The parameters of Bennu's opposition effect are consistent with the values reported in the literature for about 40% of low-albedo asteroids with average opposition effect amplitudes of 0.16 ± 0.05 mag and starting phase angles of 6 to 7 degrees^[@CR32],[@CR33]^.

Rotation state {#Sec6}
--------------

We had extensive knowledge of the rotation state of Bennu from our pre-encounter astronomical campaign^[@CR3],[@CR17],[@CR18]^ when lightcurve observations yielded a synodic rotation period of 4.2905 ± 0.0065 h^[@CR18]^. The observed low amplitude and trimodal (three maxima and three minima) lightcurve was consistent with the rotation of a nearly spherical body observed at high phase angles. We used the best-fit shape and pole position for Bennu from a combination of radar images and lightcurve data^[@CR17]^. The sidereal rotation period determined from the lightcurve and radar data was 4.29746 ± 0.002 h. Bennu's obliquity was determined to be 178 ± 4 degrees with the rotation pole at (87, --65) ± 4 degrees (J2000 equatorial coordinates)^[@CR17]^. From ground-based and Hubble Space Telescope observations in 1999, 2005, and 2012, an increase was detected in the rotation rate of Bennu of 2.64 ± 1.05 × 10^--6^ degrees day^--2^, possibly due to YORP thermal torques^[@CR34]^.

For the present study, we measured Bennu's rotation rate by obtaining a series of asteroid light curves using the OCAMS MapCam instrument with the b′, v, w, and x spectral filters (centered at 470, 550, 770, and 860 nm wavelengths, respectively)^[@CR1]^. The OSIRIS-REx lightcurves have a different shape than the ground-based lightcurves, with four peaks instead of three, due to the Approach phase data being taken at much lower solar phase angle (4 to 18 degrees) than any of the earlier telescopic data (60 to 71 degrees).

Bennu's rotation rate has accelerated since 1999, but previous work could not distinguish between continuous spin-up due to YORP and a step change in rotation rate due to a change in moment of inertia^[@CR34]^. Here we confirm that the acceleration has continued to the present day and is most likely due to the YORP effect. We derive an acceleration of 3.63 ± 0.52 x 10--6 degrees day--2, with a rotation rate of 2011.1697 ± 0.0011 degrees day--1, and a period of 4.296007 ± 0.000002 h (compared to a rotation rate of 2011.1445 ± 0.0011 degrees day--1 and period of 4.296061 ± 0.000002 h at the J2000 epoch). Figure [4](#Fig4){ref-type="fig"} shows the OSIRIS-REx Approach phase lightcurve and model fits using the shape model and this acceleration (black curve). The acceleration that we determine is a better fit to the observations than the previously determined value^[@CR34]^ (Fig. [4](#Fig4){ref-type="fig"}, orange curve) or a constant rotation rate since 2009 (Fig. [4](#Fig4){ref-type="fig"}, green curve). The inset plot shows that the rotational phase determined at four epochs is consistent with a rotation rate increasing along a quadratic curve. This is evidence for a continuous change---i.e., YORP---not a step change.Fig. 4Lightcurve data and models for Bennu on 2 November 2018. The blue crosses are the OSIRIS-REx observations with their associated 1-sigma photometric uncertainties. The black curve (best fit to peaks and minima) shows the YORP acceleration determined from fitting the Approach phase observations with 1-sigma uncertainties. The orange lightcurve using the previously reported acceleration value^[@CR34]^ does not fit as well as the black curve. The green curve assumes a constant rotation rate since 2009. The inset plot shows the quadratic increase of rotation phase with time, consistent with rotational acceleration due to YORP. Source data are provided as a Source Data file

The doubling time for this acceleration is about 1.5 million years, indicating that Bennu's surface could be unstable on million-year timescales. However, such timescales are much shorter than Bennu's apparent surface age of at least 100 million years^[@CR10],[@CR20]^ suggesting that the YORP acceleration has changed over time, possibly due to changes in Bennu's orbit or its shape^[@CR35]^. All of the NEAs, including Bennu, for which YORP has been detected have been accelerating^[@CR36]^, and many of the top-shaped NEAs are binary systems; perhaps Bennu will evolve to this state. The OSIRIS-REx spacecraft will continue to probe the near-surface environment of Bennu to resolve the relationship between its surface and its rotation state.

Methods {#Sec7}
=======

Search for dust near Bennu {#Sec8}
--------------------------

A sequence of images centered on Bennu was obtained using the OCAMS PolyCam and MapCam imagers. The image sequence was median co-added on the motion of Bennu to produce a map of the dust near Bennu. Dust would have exhibited itself as diffuse features either around Bennu, trailing Bennu in the anti-solar direction, or trailing Bennu along its orbit.

PolyCam dust plume search images were collected on 11 September 2018 when Bennu was at a range of 1.05 million km and phase angle of 43 degrees. The MapCam images were collected on the following date when Bennu was at a range of 1.00 million km and phase angle of 44 degrees. On these dates, PolyCam covered a region of Bennu's orbit extending 7300 km leading and trailing Bennu. MapCam covered a region along Bennu's orbit that extends 35,000 km leading and trailing Bennu.

The 11 and 12 September dates were chosen because Bennu's apparent position in J2000 celestial coordinates placed it in a part of the Milky Way that is relatively less dense in stars. From the beginning of the Approach phase to the time of the spacecraft's second asteroid approach maneuver (15 October), Bennu traversed a very dense part of the Milky Way as seen from the spacecraft. Although none of the dates were optimal, 11 and 12 September were the best available while also maximizing the region of space around Bennu that was searched for dust.

Modeling of possible dust trails for Bennu {#Sec9}
------------------------------------------

The model of ref. ^[@CR6]^ was implemented to model potential dust trails from Bennu. We use an adapted version of the code originally developed by Jean-Baptiste Vincent^[@CR37]^. The Vincent version of the model uses numerical integration to track the position and velocity of a dust particle that is ejected from the surface of the parent body. This is opposed to the analytical equations first proposed in ref. ^[@CR6]^. Most of the adaptations we made involve changing the location of observing from Earth to the spacecraft's position. This allowed us to generate trail locations as a function of right ascension and declination.

For simplicity, we assumed constant particle sizes as a function of beta as opposed to implementing a particle size distribution found in other versions of this model A particle size for a particular syndyne can be calculated from Eq. [3](#Equ3){ref-type=""} in ref. ^[@CR6]^. To estimate times in which the earliest particles ejected, trails from our model were plotted over the median co-added images of Bennu from the hazards search. The combined plot was visually inspected to determine at what time each trail would leave the field-of-view of the co-added image. The range of particle sizes used to estimate ejection time are for beta values of 0.01 and 0.1. This corresponds to grain sizes of 66.1 and 3.3 microns respectively.

Determining the bound on the mass loss rate {#Sec10}
-------------------------------------------

To provide a bound on the mass loss rate of a detectable coma, we adapt a method^[@CR38]^ used for members of the Centaur population. The goal of this method is to estimate the total mass of a possible coma from light measured using photometry of an annulus between two circular apertures. We also estimate the approximate time that dust would remain in the given annulus. Dividing these two quantities provides us with a mass loss rate.

A median co-add of images from the Dust Search campaign was created, and then two photometry measurements of Bennu at radii of 20 and 30 arcseconds were measured. The IRAF phot package was used to determine instrumental magnitude of these apertures. We also corrected for sections of the point spread function leaking into the coma annulus as suggested in ref. ^[@CR38]^. These magnitudes were transformed into a R-band magnitude system where the apparent magnitude of the Sun is known (for Eq. [3](#Equ3){ref-type=""}).

Equations [1](#Equ1){ref-type=""}, [3](#Equ3){ref-type=""}, and A4 in ref. ^[@CR38]^ were used to calculate the bound mass in the annulus between the two photometric apertures. Phase angle, Bennu-Sun distance, and Bennu-OSIRIS-REx distances were calculated from Bennu's ephemeris using JPL HORIZONS. The phase darkening correction was interpolated from the phase darkening curve developed in refs. ^[@CR12],[@CR39]^. To convert from cross-section to mass (equation A4), we assume that the R-band albedo is equal to the V-band albedo and set it to a value of 0.045. We assume the same particle sizes, *a*~+~ = 1 cm and *a*~-~ = 0.1 micron^[@CR38],[@CR40]^.

The residence time is calculated from Eq. [4](#Equ4){ref-type=""} in ref. ^[@CR38]^. We adopt an outflow velocity of 25 m s^−1^, which is the estimated value of the ejection velocity for 67P/Churyumov-Gerasimenko at perihelion^[@CR41]^. This value is chosen since the perihelion of 67P is close to the Bennu-Sun distance during the hazards search (1.3 vs. 1.2 au). It also agrees with measurements taken of the ejection velocity from the Rosetta mission^[@CR42]^.

Search for natural satellites around Bennu {#Sec11}
------------------------------------------

Dedicated searches for natural satellites in orbit around Bennu were conducted on 10 separate dates. A summary of the observing circumstances and detection limits of each date is given in Supplementary Table [1](#MOESM1){ref-type="media"}. Observations were collected over the course of 5 h (between 4:00 and 9:00 UTC) on each date.

Each date of the search consisted of 3 × 3 mosaic fields with approximately 10% overlap between each field. Each field was imaged between 15 and 30 times over a span of time allowing an object with Bennu rates of motion to move between 5 and 30 pixels relative to the background stars. This dwell time on each field ranged from 4.2 to 25.7 min depending on Bennu's varying rates of relative motion. Each field was visited between 2 and 4 times on each date. As a result, each field was imaged 60 times per date. Exposure times ranged from 5 s to 0.15 s. Shorter exposure times were used during the later search dates to avoid saturation and pixel blooming near the asteroid. The shorter exposure times were set to still allow the detection of satellites as small as 10 cm.

On 23 to 28 October 2018, only PolyCam was used. Observations between 30 October and 11 November 2018 used a combination of MapCam and PolyCam. Each post--30 October search consisted of a 3 × 3 MapCam mosaic and a single PolyCam field centered on Bennu. The 30 and 31 October PolyCam fields were not used for satellite searching as Bennu was located near the edge or outside the small PolyCam field-of-view due to the greater navigational uncertainty after the third asteroid approach maneuver.

Three different methods were utilized to search for satellites within the OCAMS images. The first involved manually blinking the 15 or 30 images taken per field per visit for moving objects. The second combined, or stack and shifted, all of the images taken during a visit on the motion of Bennu. The combined images minimized the signal of background stars while enhancing the brightness of objects moving at the rate of Bennu. The third search method used the moving object detection software of the Catalina Sky Survey (CSS) to automatically detect satellites^[@CR19]^. The CSS software was used on 5 images at a time. Due to the large number (15--30) images taken per visit, up to 6 different combinations of the images were run through the CSS software enabling multiple opportunities for detection. The software approach was not used on 23--25 October due to the slow apparent motion of Bennu and any satellites relative to the background stars. It was also not applicable on 30--31 October and 10--11 November due to the short exposure times used and the low number of detectable background stars.

The sensitivity and efficiency of the satellite search was improved by conducting a search for Earth Trojan Asteroids (ETAs) during the outbound cruise phase in February 2017^[@CR43],[@CR44]^ By exercising the entire moving object detection process, lessons learned during the ETAs search resulted in changes to detection software, number and cadence of observations, exposure times, and the use of both PolyCam and MapCam.

OCAMS disk-integrated photometry calibration {#Sec12}
--------------------------------------------

The combination of the OCAMS narrow point spread function (PSF) with its detector's strongly non-uniform pixel response makes photometric calibration using standard stars more challenging than expected. A dedicated calibration campaign has yielded valuable insights but disappointing results. A second campaign incorporating lessons learned from our first attempt is planned. In the interim, we use defocused images of open star cluster NGC 3532 to derive an absolute radiometric calibration for the PolyCam. We then use near simultaneous MapCam and PolyCam observations of Bennu to transfer this calibration to the MapCam.

During outbound cruise, PolyCam acquired a through-focus sequence of images of NGC 3532. In one of these images, stars are defocused enough to cover approximately 100 pixels, thereby minimizing the effects of aliasing. We exclude stars near the edge of the detector or in pixel regions which do not behave like the bulk of the detector. Stars for which any raw counts are out of the linear range for PolyCam (\<12,500 DN) are also rejected. Despite the significant defocus, stars are still well resolved and can be automatically detected, identified and measured. Stars close to each other are also excluded. Visual inspection of each of the remaining stars is used to exclude a further 95 stars with PSF indicative of one or more unresolved companions, leaving 187 stars in our sample. In addition to being an open cluster, NGC 3532 is also a diffuse nebula, so we estimate and remove the local background of the nebula at each star.

Given the panchromatic filter's 650 nm center wavelength, the integrated star flux is then compared to the R magnitude reported by the American Association of Variable Star Observers (AAVSO) NGC 3532 Standard Field catalog. The fit between the logarithm of measured DN/s and the AAVSO Catalog *m*~R~ magnitudes is very good (R = 0.998). When corrected to the OSIRIS-REx reference temperature that fit is:$$\documentclass[12pt]{minimal}
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By design all OCAMS panchromatic filters have identical bandpasses. This allows us to use Bennu as a proxy to extend PolyCam's absolute calibration to the MapCam. To do this, we use a pair of PolyCam and MapCam images taken on 25 November 2018. Between the two images Bennu rotated one full rotation plus 1 min and 47 s (2.5 degrees). As a result, Bennu presents essentially the same face to the cameras in both images. We estimate how much this difference could affect our calibration, by comparing the integrated flux in PolyCam images taken 7 min before and 7 min after the one used to compare with MapCam. The integrated flux difference between those images is approximately 0.5%.

PolyCam and MapCam imaged Bennu at slightly different phase angles (Δ*α* = 0.4 degrees). In the time between the two images the spacecraft also closed in on Bennu by approximately 1.5 km. Correcting for these effects we estimate that the integrated flux observed by MapCam should be 1.4% greater than PolyCam's.

We use the OCAMS radiometrically calibrated frad product to integrate Bennu's flux and relate the two cameras. This product is a dark subtracted, flat fielded, radiometrically calibrated (frad = DN/s/277,035). After correcting for phase angle and distance changes, the calculated ratio between the two cameras is 24.902 and the derived calibration is given by:$$\documentclass[12pt]{minimal}
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Disk-integrated photometry modeling {#Sec13}
-----------------------------------

The ground-based campaigns covered a range of phase angles from 15.0 to 95.6 degrees yielding an absolute magnitude (*H*~v~) of 20.61 ± 0.20 and phase slope (*B*~v~) of 0.040 ± 0.003 magnitude per degree of phase angle. We applied a known correlation between the slope of the linear phase function and the albedo of asteroids^[@CR26],[@CR45]^ to estimate a global average geometric albedo of 0.030--0.045^[@CR18]^ for Bennu. For the spacecraft phase function campaign, we acquired images daily between 2 October and 2 December 2018. These observations yielded photometric measurements covering a phase angle range from 0.7 to 86.5 degrees in the MapCam v filter (Supplementary Table [2](#MOESM1){ref-type="media"}).

The disk-integrated Lommel-Seeliger phase function model (with an exponential phase function and a polynomial in the exponent)^[@CR27]^ is$$\documentclass[12pt]{minimal}
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We fitted the v-band phase function data of Bennu with both the original and the revised *H*, *G*~12~ models^[@CR29],[@CR30]^ We used the implementation of both *H*, *G*~12~ models in the photometry module of the Python package for small-body planetary astronomy sbpy that is currently under development^[@CR46]^. The non-linear fitting was performed with the Levenberg-Marquardt algorithm^[@CR47]^ as implemented in the fitting module in astropy, which is a community-developed core Python package for astronomy^[@CR48]^.

Rotation rate of Bennu {#Sec14}
----------------------

We obtained photometric measurements over two full asteroid rotations (around 8.6 h). We used the integrated flux from MapCam images by adding up the radiance from all of the pixels on Bennu to compute a lightcurve. We then compared these lightcurves with the predicted brightness using version 13 of the asteroid shape model^[@CR35]^ (Fig. [4](#Fig4){ref-type="fig"}).

To compute the rotational acceleration, we followed the procedure from^[@CR34]^, adding the data from these observations to the ground-based and Hubble Space Telescope observations from 1999, 2005, and 2012 as used in that work. We used the shape model from^[@CR35]^ along with the rotation pole from^[@CR49]^ and the observing geometry to compute synthetic lightcurve points using a Lommel-Seeliger photometric function for the observing times of the data. At each of the observation epochs, we adjusted the rotation phase of the model slightly to minimize chi-squared using the method of^[@CR50]^ for the data taken at that epoch. We took the absolute phase uncertainty at each of those epochs to be the amount of rotation required to increase reduced chi-squared by 1. The phase uncertainties at each epoch (3.2,1.6, 8.0, and 1.8 degrees, respectively) are slightly larger than those reported in^[@CR34]^, probably because the shape model used in that analysis was determined in part from those same lightcurve data, while this work uses a shape model from spacecraft imagery. There was no 2018 data point in the earlier analysis, as these data were not yet available.

Because the absolute rotation phase is known to within 10 degrees from^[@CR34]^, there is no ambiguity in the absolute rotation phase, and we were able to fit a quadratic polynomial to the measured rotation phase as a function of observation time (Eq. [5](#Equ5){ref-type=""}).$$\documentclass[12pt]{minimal}
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Since rotation rate is the time derivative of phase, *W*~1~ is the rotation rate at *T* = 0 and 2*W*~2~ is the rate of change of the rotation rate. In Fig. [3](#Fig3){ref-type="fig"}, we plot this curve using *T* = 0 at the time of the first ground-based observation on 20 September 1999.
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This paper was produced using a number of different software packages. In some cases, versions of publicly available software were used with no custom modifications. This includes the software used for photometric reductions and manually inspection of images for dust and satellites (IRAF, <http://iraf.noao.edu/> and ds9, <http://ds9.si.edu/site/Home.html>).

We modified a version of the Comet Toolbox code (<https://bitbucket.org/Once/comet_toolbox>) to model potential dust trails from Bennu^[@CR37]^. Dust mass and production rate spreadsheets are a straightforward implementation of the equations in^[@CR38]^. Versions of the dust trail, dust mass and production rates software and spreadsheets are available upon request to editors and reviewers.

The moving object detection software used by the Catalina Sky Survey is proprietary^[@CR19]^. Two other methods were used to inspect images for satellites and other moving objects that involved no custom software and replicated and exceeded the capabilities of the Catalina Sky Survey software. The visual inspection of blinked images method defined the lower size limit of detectable satellites (Supplementary Table [1](#MOESM1){ref-type="media"}). The visual methods used the following two publicly available software packages: (IRAF, <http://iraf.noao.edu/> and ds9, <http://ds9.si.edu/site/Home.html>).

The Bennu photometry was fitted with the Lommel-Seeliger, IAU *H*,*G*, and both the original^[@CR29]^ and the revised *H*,*G*~12~ phase function models^[@CR30]^. We used the implementation of the phase function models in the photometry module of the Python package for small-body planetary astronomy (sbpy) that is currently under development (<https://github.com/NASA-Planetary-Science/sbpy>)^[@CR46]^. The non-linear fitting of the revised *H*,*G*~12~ model was performed with the Levenberg-Marquardt algorithm^[@CR47]^ as implemented in the fitting module of astropy, which is a community-developed core Python package for astronomy^[@CR48]^.
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